For cancer chemotherapy, a tumor regression without any surgical resection and severe side effects is greatly preferred to merely slowing down the growth of tumors. Here, we report a formulation composed of irinotecan (IRN) and poly(D,L-lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactideco-glycolide) (PLGA-PEG-PLGA). IRN is a clinically used antitumor drug with active and inactive chemical forms in equilibrium, and the major form at physiological conditions is inactive but still has side effects. The aqueous solution of the PLGA-PEG-PLGA is a sol at room temperature and physically gels at body temperature, forming a thermogel. We successfully mixed this moderately soluble drug into the amphiphilic copolymer aqueous solution for the first time. The mixture was subcutaneously injected into nude mice with xenografted SW620 human colon tumors. Excellent in vivo antitumor efficacy was observed in the group that received the IRN-loaded thermogel. The tumor was significantly regressed after being treated with the IRN/thermogel, and the side effects (blood toxicity and body weight decrease) were very mild. These results might be attributed to the ideal sustained release profile and period of release of the drug from the thermogel and to the significant enhancement of the fraction of the active form of the drug by the thermogel.
solubility of approximately 10 mg/mL, as demonstrated in Supporting Information. The value is higher than that of insoluble drugs (,0.1 mg/mL) and lower than that of soluble drugs (.30 mg/mL) according to the U.S. Pharmacopeia (USP 35). IRN was approved by the US Food and Drug Administration (FDA) in the 1990s and has been used in the clinic for years, especially in the treatment of colon cancers 18 . It is the only ''blockbuster'' in the CPT family. In pharmacy, a ''blockbuster'' denotes a drug with an annual sale close to or above 1 billion US dollars 19 . The sale of IRN was close to 1 billion in 2007 according to the annual financial report of Pfizer, Inc. before this company lost its exclusivity in 2008. Nearly all the CPT family drugs are in equilibrium between active and inactive forms; the low fraction of the active lactone form leads to lower therapeutic efficacy but higher toxicity 20, 21 . Unfortunately, the inactive form is predominant over the active one under physiological conditions 22 . Therefore, it would be beneficial if one type of DDS of CPT family drugs could realize a sustained release while maintaining a high fraction of the active form of the drug.
For the sustained release, we believe that two issues should be considered before making efforts to develop a new pharmaceutical formulation. The first issue involves the necessity of sustained release for a specific drug in an appropriate period. Although a longer period of drug release could reduce drug administration frequency and increase drug compliance, we do not accept the doctrine ''the longer, the better'' because excess exposure to chemotherapeutics may lead to cumulative toxicity 23 . The second issue involves the drug-material interaction in a sustained release system. It is always a classical dilemma of a small burst release at the initial stage and complete release at the later stage [24] [25] [26] [27] . For instance, highly water-soluble drugs can easily be released but usually with a significant initial burst 24 ; by contrast, water-insoluble drugs might be released evenly but it is very difficult to ensure the complete release of this type of drug 26 . In our opinion, selecting a drug with a moderate solubility might be a potential breakthrough to this dilemma.
On the basis of the above analysis, we selected the antitumor drug IRN as the model drug and a thermogel composed of the amphiphilic copolymer poly(D,L-lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactide -co-glycolide) (PLGA-PEG-PLGA) as the sustained-release carrier, as illustrated in Fig. 1 . Although the copolymer PLGA-PEG-PLGA has not yet been approved by the FDA, the blocks of both PLGA and PEG have been applied in clinics for years. While many drugs have been attempted to be encapsulated into different thermogels [28] [29] [30] [31] [32] [33] , the IRN/thermogel system has never been reported. We observed that it was, if not extremely difficult, not easy to mix this moderately soluble drug into the aqueous solution of the temperature-sensitive amphiphilic block copolymers.
In this study, we prepared a facial roadmap to load IRN into the PLGA-PEG-PLGA thermogel without any organic solvent, as illustrated in Fig. 2 . An excellent IRN release profile and period on demand of the potential clinical applications was achieved, as schematically shown in Fig. 1d ; even the fraction of the active lactone form of IRN in the thermogel was significantly enhanced. Through an appropriate ''mixing'' strategy without any modification of the drug molecules, we achieved a decrease of tumor sizes in nude mice bearing human colon cancer. The present paper reports the rational design and the experimental results.
Results
Synthesis of the PLGA-PEG-PLGA triblock copolymer. The amphiphilic copolymer used in this study was synthesized via the ring-opening polymerization of lactide (LA) and glycolide (GA) initiated by the end hydroxy groups of PEG with a molecular weight (MW) of 1500 Da. The MW and polydispersity of the copolymer were characterized by 1 H NMR and gel permeation chromatography (GPC). The results are summarized in Table 1 and Supplementary Fig. S1 .
In vitro cytotoxicity of PLGA-PEG-PLGA. Before trying to load drugs into the biomaterial, we examined the biocompatibility of the block copolymer PLGA-PEG-PLGA synthesized in this study. The in vitro cytotoxicity was first evaluated using a cell counting kit-8 (CCK-8) assay. According to the results in Fig. 3a , the synthetic material exhibited slight cytotoxicity against MC3T3 cells (a mouse osteoblast cell line) with a cell viability of over 80% in the culture medium with polymer concentrations as high as 10 mg/mL. By contrast, cells seldom survived in that concentration of sodium dodecyl sulfate (SDS).
Hematotoxicity of PLGA-PEG-PLGA. The hematotoxicity of PLGA-PEG-PLGA was evaluated using a hemolysis test, following the protocol of ISO 10993 as an international standard for the biological evaluation of medical devices. The hemolysis percentages of blood cells in different concentrations of the polymer solutions are shown in Fig. 3b . The standard of no hematotoxicity usually refers to a hemolysis percentage below 5%. The hemolysis percentage was only 2.8% even in a 2 mg/mL copolymer solution. Therefore, the hemolysis capacity of PLGA-PEG-PLGA was negligible.
Local inflammatory response of PLGA-PEG-PLGA after subcutaneous injection. The local inflammatory response was evaluated by histological observation 7 days after a subcutaneous injection of the copolymer. Some inflammatory cells such as macrophagocytes or monocytes appeared, as shown in Fig. 3c ; in some samples, a fibrous tissue surrounding the gel was observed. Nevertheless, the overall inflammatory response was weak. No necrosis of surrounding tissues was observed even in the group in which a mixture of the antitumor drug IRN and copolymer PLGA-PEG-PLGA was implanted.
Phase diagram of PLGA-PEG-PLGA in water. The sol-gel transition of PLGA-PEG-PLGA aqueous solutions was observed using the inverting tube method. The phase diagram is presented in Fig. 4a ; some typical images of the sol and gel states are presented in Fig. 4b . The critical gelation concentration (CGC) of the PLGA-PEG-PLGA aqueous solution with normal saline as the medium was approximately 5 wt% and increased to approximately 10 wt% after loading 4 mg/mL IRN. In addition, the transition temperature between the gel and precipitate states decreased 2-4uC after drug loading.
Rheological properties of the thermogelling biomaterials at high concentrations. The sol-gel transition of concentrated polymer solutions was detected using a dynamic rheometer. At lower temperatures, the storage modulus G9 was much lower than the loss modulus G0, indicating a typical sol. With the increase of temperature, both G9 and G0 increased significantly, tracing the process of gelation (Fig. 4c) .
Copolymer micellization at low concentrations. The amphiphilic copolymer formed micelles over its critical micelle concentration (CMC) and critical micelle temperature (CMT). The PLGA-PEG-PLGA micelles were detected using a dynamic light scattering spectrophotometer. For the 0.1 wt% polymer solution, the micelle size remained relatively constant when T , 45uC; after drug loading, the enlargement of micelles started early at 35uC, and the light intensity greatly increased, as illustrated in Fig. 4d and Fig. S2 .
Degradation of thermogels in vitro. The PLGA-PEG-PLGA aqueous solution underwent hydrolysis. Here, we used phosphate buffer saline (PBS, pH 7.4) as a simulated body fluid to evaluate the degradation behavior of this material in vitro. The gel state of 20 wt% PLGA-PEG-PLGA lasted approximately 2 weeks in PBS at 37uC; then, macroscopic phase separation (precipitation) occurred, as shown in Fig. 5a . During the degradation period, the weightaverage MW (M w ) of the copolymer decreased, as illustrated by GPC curves in Fig. 5b . Meanwhile, the LA/GA ratio increased due to the preferred hydrolysis of the repeating unit of glycolic acid compared with that of lactic acid in the copolymer block, and the remaining gel after 28 days was only 20% of the original weight, as shown in Figs. 5c-d.
Drug loading. The drug loading roadmaps examined in this study are summarized in Fig. 2 . We observed that direct dissolving both the drug powder and polymer paste in water was not feasible at either room temperature (RT) or high temperature. The high temperature (above 80uC) was necessary for dissolving IRN; however, the amphiphilic block copolymer precipitated at such a high temperature. The commonly used thin film hydration method with dichloromethane as the co-soluble organic solvent of both the drug and polymer was also not sufficient to achieve a high drug loading in this case. First dissolving the polymer paste in water at RT then loading IRN merely through magnetic stirring was not available for this system either, because the drug could not be dissolved at such a temperature.
The available method to co-dissolve the drug and copolymer in water was eventually suggested as follows: IRN powder was first dissolved in normal saline at 85uC to prepare the stock solution; then, the polymer paste was dissolved in the drug stock solution at RT through gently magnetic stirring; the nanoscaled micelles formed along with the copolymer dissolution and drug loading; a clear aqueous dispersion of amphiphilic copolymer micelles was obtained approximately 12 h later.
In vitro drug release from the thermogel. The release profile of IRN was monitored by UV absorption at 370 nm. At this wavelength, the absorption of IRN was least affected by the pH of the medium, as illustrated in Fig. S3 , with the standard curve presented in Fig. S4 .
IRN was observed to be released from the thermogel in a sustained manner for approximately 2 weeks. The relative cumulative release seemed not very sensitive to the loading amount of the drug in the detection range, as observed in Fig. 6 .
The data of cumulative release of IRN was evaluated using the Peppas equation 34 :
where M t /M ' refers to the relative cumulative release at time t. This equation is justified within the cumulative release ,60%
34
. The exponent m is determined by the underlying release mechanism: m 5 0.5 for diffusion-controlled release, and m 5 1 for degradation-controlled release; the intermediate value indicates coexistence of the above two mechanisms. The fitted value of m of the release curves in this work was equal to 0.71 with a squared correlation coefficient R 2 of 0.99. Therefore, both drug diffusion and material degradation are responsible for the release of the moderately soluble drug IRN from the thermogel of the amphiphilic block copolymer PLGA-PEG-PLGA.
Lactone fraction of IRN in thermogel. Similar to other CPT analogs, IRN undergoes hydrolysis from the active lactone to the inactive carboxylate at physiological conditions, leading to lower efficacy but still with toxicity 35 . We separated and quantified the two forms of IRN using high performance liquid chromatography (HPLC). The retention times of these two forms, active lactone and inactive carboxylate, were approximately 9 min and 3 min, respectively, in our experiments (Fig. 7a) . The lactone form of IRN was rapidly hydrolyzed to the carboxylate form in PBS, with a final equilibrium lactone fraction of only approximately 10% (Fig. 7b) . By contrast, even though the pH within the gel already returned to neutral of about pH 7 after 10 h (Fig. 7c) , the lactone fraction in the thermogel still remained as high as 50% (Fig. 7b) .
Tumor inhibition ratio. The in vivo antitumor efficacy of this sustained release system of IRN was evaluated in a nude mouse model bearing human SW620 colon tumors. The corresponding treatment information of each group is summarized in Table 2 . The tumor tissues from all the mice were imaged after sacrificing the mice on day 21, and the photographs are presented in Fig. 8a .
The results were quantified by the tumor inhibition ratio as follows:
where W C is the tumor weight in the negative control group (only normal saline injected), and W T measures the tumor weight in the test group. While the tumor inhibition ratios in the groups receiving IRN only ranged from 52.3% to 80.5% with an increase of drug dose, those in the IRN/thermogel groups were 86.2% to 98.2% at the same dose as in the IRN groups, as presented in Fig. 8b . Therefore, the sustained-release group exhibited superior efficacy.
Tumor growth curves. We also monitored the tumor growth of all the groups, with the results summarized in Table 2 . The tumor length (a) and tumor width (b) were measured twice a week during the 3 weeks of drug treatment, without sacrificing mice. The measurement of the tumor depth was not available without extracting tumors, and the value was estimated to be close to b. The tumor volume V was calculated using 1/2 3 a 3 b 2 with the assumption of an ellipsoid and the approximation of p/6 , 1/2.
The time-dependent volumes were deduced using the following equation:
where V 0 and V t refer to the tumor volumes at day 0 and day t, respectively. The deduced results are presented in Fig. 9 . The initial tumor volumes were all pre-designed to be approximately 100 mm 3 before drug administration; the actual experimental values were 96 mm 3 on average. The final tumor volume of the NS group was one order of magnitude larger than the initial volume, resulting in the average value of the relative tumor volume being 14.4. For the IRN group, the tumor volume increased continuously during the entire therapy; however, the tumor growth rate was slower than that of the NS group. The values of the relative tumor volume were 10.4 to 3.5 upon increase of drug dose. For the IRN/thermogel groups, the tumor volume first slightly increased and then decreased significantly with the average of the final values of the relative tumor volume being 1.6 Decrease of body weight. We also examined the possible adverse effects. Chemotherapy often leads to severe side effects such as gastrointestinal toxicity and myelosuppression; the most typical gastrointestinal toxicity of IRN is diarrhea together with body weight loss 36 . No diarrhea was observed in any of our groups, indicating that the drug doses used in this study were within the tolerable range.
The body weight of the IRN/thermogel groups remained similar to that of the tumor-free group during the treatment period, as shown in Fig. 10 . By contrast, for the mice receiving IRN only, the body weights (including tumors) were slightly lower than those of the IRN/ thermogel groups in Fig. 10 , even though the tumor weights were higher ( Table 2) .
Decrease of immune cell number. The in vivo hematological toxicity or myelosuppression of IRN was evaluated by counting the white blood cells (WBCs) in Kunming mice bearing murine solid S180 tumors after IRN treatment. Kunming mice were used instead of nude mice in this experiment to verify the possible adverse effects of the antitumor drug on immune cells because such a test is not meaningful for nude mice with immune deficiency. As a famous experimental animal model, the nude mouse is excellent for an in vivo examination of human cells and tissues, and was thus used to examine all of the other effects in this study.
For the negative control group, in which saline was injected, the WBCs were maintained at a high level of 7.5 3 10 9 per liter blood. On the next day after IRN was injected, the WBC count rapidly decreased below 2 3 10 9 per liter blood. By contrast, the extent of decrease in the IRN/thermogel group was significantly lower than that in the group receiving IRN only, as shown in Fig. 11 . Therefore, the recovery of WBCs was also quicker in the IRN/thermogel group than in the IRN group.
Discussion
Why is sustained release required for IRN and what is the appropriate release time for an ideal DDS of IRN?. Irinotecan has been used to treat colon cancer for decades 18 ; nevertheless, a sustained release system for IRN is still needed. We believe that the necessity of the sustained release stems mainly from two issues. The first issue is related to its antitumor mechanism: all CPT family members are S-phase cell specific inhibitors, and a longer exposure of S-phase inhibitors is beneficial for their efficacies 37 . The second issue involves the structure of IRN itself. The chemical structure of IRN has to be converted to 7-ethyl-10-hydroxycamptothecin (SN38) by carboxylesterases in vivo to enable substantial antitumor efficacy 38 , and this enzyme might be saturated 23 . While the ratio of the AUC (area under the curve in a plot of concentration of the drug in plasma vs. time) of SN38 to that of IRN was only 3-5% in the treatment schedule of injections every week or every 3 weeks, the value could be significantly increased to 16% under a continuous infusion for 14 days 23 . The side effects of myelosuppression (reduced WBCs) and gastrointestinal toxicity (diarrhea) were also dose dependent and therefore dose-limiting 36, 39 . Thus, sustained release is highly required for the delivery of IRN while considering the drug efficacy and side effects.
Some new DDSs have been developed to modify the release profiles of IRN, including nanoparticles 40 , microspheres 41 , and macroscopic matrices 42 . In practical trials, this aim is often achieved by increasing the injection times or elongation of infusion time 39, 43 , sometimes even for weeks 23 , which makes the medication poorly compliant to patients. In addition, there have been reports that a continuous infusion would lead to a cumulative toxicity of IRN if used for longer than 21 days 23 . Therefore, the release time is not necessarily very long; instead, it should fit the clinical requirements. In our opinion, the ideal release system of IRN must have no significant burst release and be almost completely released with a sustained release profile within a period of less than 3 weeks, usually 1-2 weeks.
Why was the PLGA-PEG-PLGA thermogel used? Amphiphilic copolymer macromolecules in water form micelles if the copolymer concentration is over the CMC. The PLGA block is hydrophobic, while the PEG block is soluble in water but exhibits some hydrophobic interactions with temperature sensitivity 44 . The hydrophobic interaction is driven by the decrease of the loss of the orientational entropy of water molecules surrounding the solute groups, resulting in a positive entropy change (DS . 0) in a hydrophobic aggregation process. The free energy difference DG is related to DS via DG 5 DH 2 TDS, where DH and T are the entropy change and absolute temperature, respectively. Therefore, the effect of the hydrophobic aggregation must be strengthened by temperature, which is why the aqueous system of PLGA-PEG-PLGA would, under appropriate compositions, concentrations and salt conditions, undergo a sol-to-gel transition upon heating. The internal structure of the thermogel is a percolated micelle network 44, 45 . Unlike a concentrated fish soup gelling at low temperatures, the aqueous system of this synthetic block copolymer can be reversibly physically gelled. This unique thermogelling property enables this type of material to act as an injectable medical material: at low temperatures such as room temperature, the aqueous sol is injectable and can mix with drugs; after being injected into the body, it gels rapidly in approximately half a minute to form a drug-releasing matrix in situ if the sol-gel transition temperature T gel is between refrigerator (usually 4uC) and body temperature (37uC) and the precipitation temperature is above the body temperature 17 . Thus far, the use of these thermogels has been attempted in drug delivery [46] [47] [48] , postoperative antiadhesion 49 and other biomedical applications 50 . The solubility of drugs is a classic and challenging topic in pharmaceutics 51 . The mixing of the moderately soluble drug IRN with the temperature-sensitive amphiphilic block copolymer PLGA-PEG-PLGA is problematic, as illustrated in Fig. 1c and Fig. 2 . We eventually overcame this difficulty using an appropriate control of temperature for the different processes. The structure of IRN remained intact during the entire dissolving and loading process, as confirmed by a comparison between the characteristic UV absorptions of IRN before and after heating at 85uC for 24 h (Fig. S5) and between HPLC chromatograms of IRN before and after heating (Fig.  S6) . The IRN loading was observed not to hamper the sol-gel transition of the PLGA-PEG-PLGA thermogel (Fig. 4) , although some drug-material interactions occurred. In general, the loading of IRN tended to increase the global ''hydrophobicity'' of the polymer micelles and caused them to more easily aggregate to form large clusters. As illustrated in Fig. 4d , the micelle size began to increase at lower temperatures compared with the micelles that were free of drug loading. This increase of hydrophobicity caused the thermogel to more easily precipitate, with the transition temperature from the gel to precipitate decreasing 2-4uC in Fig. 4a . In other words, the moderately soluble drug IRN and the amphiphilic copolymer PLGA-PEG-PLGA were mixable, and the aqueous system of the mixture was still thermogelable; however, some drug-material interactions occurred.
Higher in vivo antitumor efficacy of IRN in thermogel. The in vivo antitumor efficacy against human colon cancer was examined in nude mice. The tumor inhibition ratio serves as an indicator of therapeutic efficacy. For the sustained release groups (IRN/ thermogel), the tumor inhibition ratio reached 98% at a drug dose of 45 mg/kg. According to the tumor images in Fig. 8a , even the group with a low drug dose (22.5 mg/kg IRN/thermogel) exhibited a good antitumor effect. By contrast, for the groups that received only IRN, the tumor inhibition at the highest dose of 90 mg/kg was still worse than that at the lowest dose in the presence of the copolymer (22.5 mg/kg IRN/thermogel).
The curves of the time-dependent relative tumor volumes are presented in Fig. 9 . After injection of IRN/thermogel, the tumor volume first increased slightly and then decreased significantly. The relative tumor volumes on day 21 in the IRN/thermogel groups were 0.2 and 0.1 for drug doses of 45 and 90 mg/kg/w, respectively. The final tumor volume was only 10% of the initial size, indicating a dramatic tumor regression. The ''extra'' tissue cannot disappear completely, and some ''scar'' is left after implanting numerous extra cells and materials subcutaneously 52 . In summary, the sustained release of IRN with the PLGA-PEG-PLGA thermogel exhibits excellent antitumor activity against human SW620 colon cancer.
Reduced side effects of IRN in thermogel. The body weight of nude mice (immune system destroyed) and WBC number per liter of blood of S180-tumor bearing mice (capable of normal immune system) were evaluated as indicators of possible adverse effects of IRN. From the body weight of the mice of all the groups, as shown in Fig. 10 , there is no marked difference between the experimental group and tumor-free group. In addition, no diarrhea or other global adverse effects were observed.
For the WBC count, a significant difference was observed between the IRN and IRN/thermogel groups, as shown in Fig. 11 . The IRN/ thermogel group exhibited a relatively lower WBC decrease than the IRN group, and the recovery was also more rapid in the IRN/thermogel group. Thus, the side effects of IRN were alleviated through the sustained release.
Ideal release profile and period of IRN from the thermogel. Then, what causes the significant therapeutic efficacy and reduced side effects after the drug was encapsulated into the thermogel? Two reasons might account for these excellent results.
First, an ideal release profile and period were designed and achieved, with no significant initial burst and an almost complete release in approximately 2 weeks, as schematically illustrated in Fig. 1d and experimentally illustrated in Fig. 6 . It is rare to meet the requirements of these three aspects (slight initial burst, complete release, and sustained release for 2 weeks) in one formulation. Usually, the release profile and time of drugs within this type of thermogel is mainly affected by the solubility of the drug molecules 27 . For a highly water-soluble small-molecule drug, a significant initial burst release would appear 24 ; in the other extreme, a water-insoluble drug frequently leads to incomplete release 26 . The apparent solubility of IRN was approximately 10 mg/mL, with the detection procedure described in the Supporting Information, indicating that the drug is moderately soluble in water. Notably, the present combination of the moderately soluble drug IRN with the amphiphilic block copolymer PLGA-PEG-PLGA ideally resolves the classic dilemma in pharmaceutics, which is between the suppression of the initial burst release and maintenance of complete late-stage release [24] [25] [26] [27] . In addition, the gel network was delicately designed to only last for 2 weeks and then collapse, as illustrated in Fig. 5a , which also guaranteed the complete release of IRN in the late stage. This ideal release profile and period are attributed to the properties of both the drugs and the materials. Interactions between the drugs and materials play an important role in modulating the release profile. This insight might be helpful for the design of other sustained release systems of moderately soluble drugs.
Enhancement of the lactone form of IRN in thermogel. Another important reason for the drug efficacy is related to the chemical form of this drug. Similar to other CPT analogs, IRN has two forms: active lactone and inactive carboxylate. The hydrolysis process of the CPTfamily drug consists of two steps: ring-opening of the lactone and ionization of the carboxylate 53 , written as follows:
The equilibrium depends upon the pH of the medium, as indicated in Fig. 1a . Nevertheless, the much higher lactone fraction of IRN within the thermogel is not mainly due to the pH change in the thermogel, for the interior pH within the thermogel is primarily neutral, as indicated in Fig. 7c . Neither can the dynamic ''protection'' account for the high lactone fraction. The enhancement in the thermogel system is a thermodynamic phenomenon with a shift of , f is approximated as follows:
The global equilibrium constant of IRN is written as follows:
Therefore,
The combination of equations (5) and (7) with the definition of pH 1/2 leads to
The equilibrium lactone fraction of IRN in PBS was only approximately 10% (Fig. 7b) , and thus, pH 1/2 = 7.4 for IRN in PBS. While pK open in the first step of the ring-opening in equation (4) is a constant, pK a in the second step of ionization of the carboxylate form for the CPT family is significantly affected by the local hydrophilic/ hydrophobic environment 55, 56 . The ionization constant of the moderately soluble drug IRN might be highly sensitive to the local hydrophilicity or hydrophobicity; the addition of the amphiphilic block copolymer PLGA-PEG-PLGA can lead to less ionization of the carboxylate form and thus larger pK a , resulting in a higher pH 1/2 due to drug-material interactions. Therefore the equilibrium lactone fraction of IRN might be increased even at a given physiological pH.
In this study, we detected the lactone fraction of IRN in the thermogel during release, as shown in Fig. 7 . Although the pH within the gel rapidly returned to neutral within approximately 10 h, the equilibrium lactone fraction of IRN remained as high as approximately 50%. IRN could be kept active during a long release period, whereas in PBS, the lactone fraction rapidly decreased to only 10% within 2 h. Therefore, the enhancement of the active lactone fraction led to a higher drug efficacy with reduced side effects, which is attributed again to the drug-material interactions.
Finally, the present study offers significant improvements compared with our recent work 57 , although thermogels and antitumor drugs were examined in both studies. First, the present paper is the original report of the tumor regression using a thermogel formulation with an encapsulated antitumor drug. Second, the enhancement of the lactone form of IRN, a CPT analog, due to the drug-material 45 s.c. interactions, has not been concerned in the above reference at all, and this issue is one of the key reasons of the excellent antitumer efficacy in the present study. Third, another key reason, namely, an ideal release profile and period of IRN in the present report about IRN in a thermogel is also absent in that report about another antitumor drug doxorubicin (DOX . HCl) in a thermogel. We would like to emphasize that the critical improvement is not simply from a different drug used. Mixing the water-soluble drug DOX .
HCl with the thermogel is very easy, but the initial release is burst. By contrast, the release profile of IRN is ideal with a relatively much insignificant initial release, but encapsulating IRN, a typical moderately soluble drug with the thermogel is very difficult with a tricky mixing strategy reported in this paper for the first time.
In summary, the commercialized and nonexclusive antitumor drug IRN was successfully loaded into a thermogel of the synthetic block copolymer PLGA-PEG-PLGA using an appropriate mixing roadmap. The system exhibited rich physics; the drug was released in a sustained manner for approximately 2 weeks, without a significant initial burst and with almost complete release. The active lactone form of IRN was significantly enhanced from approximately 10% in PBS to approximately 50% even at neutral pH within the thermogel. The in vivo antitumor efficacy against SW620 human colon cancer confirmed that after being treated with appropriate IRN/thermogel, the tumor volume initially increased slightly and then decreased significantly, leaving the tumor volume completely reduced compared with the initial size. Possible adverse effects were also evaluated. The sustained release of IRN with the PLGA-PEG-PLGA In the untreated group, the tumor volume increased most rapidly; in the IRN-only-treated group, the final tumor volume was smaller than that of the untreated group but still larger than the initial one; in the drug/thermogel group, the tumor volume first slightly increased and then decreased significantly. The final tumor volume was smaller than the initial size. Table 2 were weighed during a cycle of therapy (n 5 6). thermogel relieved myelosuppression compared with an intravenous injection of IRN only. Therefore, simply loading IRN into the PLGA-PEG-PLGA thermogel could both significantly regress the tumor and reduce the side effects.
The present study paves an avenue to resolve a classic dilemma in the chemotherapy of tumors by taking advantage of interactions between drugs and materials. Such a convenient chemotherapy formulation by physically mixing the drug and the copolymer might impact the fields of biomaterials and pharmaceutics. Considering that the drug itself is used clinically and the building blocks of the copolymer have been approved by FDA, a strengthened ''blockbuster'' is expected, and further investigations are required. The strategy to employ moderately soluble drugs and amphiphilic biomaterials might also stimulate the development of other drugs, biomaterials, and advanced DDSs.
Methods
Materials. Irinotecan hydrochloride was purchased from Shanghai Knowshine Pharmachemicals, Inc. PEG with number average molecular weights of M n , 1500 Da and 2000 Da were products of Sigma-Aldrich. D,L-lactide (LA) and glycolide (GA) were purchased from Purac. All the chemicals were used without any purification.
Polymer synthesis. The block copolymer PLGA-PEG-PLGA was synthesized by the ring-opening polymerization of LA and GA initiated by the hydroxy end groups of PEG. In brief, 20.06 g PEG with M n , 1500 Da was dehydrated under vacuum at 120uC for 4 h. After the temperature decreased to 80uC, 4.21 g GA and 37.18 g LA were added under the protection of argon and dehydrated for another 30 min. Then, 0.15% stannous octoate of the raw material of LA and GA (w/w) was added as a catalyst. After the reaction at 150uC for 12 h, the product was purified by washing in 80uC hot water three times.
In vitro cytotoxicity of PLGA-PEG-PLGA. MC3T3 cells (a mouse osteoblast cell line) were seeded in a 96-well cell culturing plate at a cell density of 1.0 3 10 4 /well. After the cells completely spread on the plate, the upper medium was refreshed with a new medium of 200 mL minimum essential medium a (MEMa) cell culture containing 10% fetal bovine serum and various amounts of polymers or other chemicals, in which PEG with M n , 2000 Da (PEG2000) and SDS were used as negative and positive controls, respectively. After incubating at 37uC in a 5% CO 2 atmosphere for another 24 h, 20 mL of CCK-8 stock solution was added into each well. The incubation lasted at 37uC for another 3 h. Then, the absorption of each sample was measured at 492 nm. The cell viability showed a positive correlation with the value of absorption, and the value in the group of culture medium with no polymer was defined as 100%.
Blood toxicity of PLGA-PEG-PLGA. Copolymer solutions of various concentrations were prepared with normal saline. After being filtered with a 0.22-mm filter, 100 mL of fresh blood of New Zealand white rabbit was added into 10 mL of the above solutions, in which normal saline and distilled water were used as negative and positive controls, respectively (n 5 3). After being incubated in a 37uC water bath for 1 h, all the samples were centrifuged at 1000 r/min for 5 min. The UV absorption at 540 nm of the upper transparent solution was detected. The hemolysis percentage was calculated using (A-A nc )/(A pc -A nc ), where A pc and A nc refer to the absorption of the positive control group (distilled water) and negative control group (normal saline), respectively, and A, of the experimental group.
Histological observation after subcutaneous injection of PLGA-PEG-PLGA aqueous solutions. The surrounding tissue after 7 days of injecting polymer solutions into nude mice subcutaneously were excised out and fixed in 4% paraformaldehyde. After embedded with paraffin, the tissue was sliced and stained by HE. The stained slices were examined using optical microscopy.
Drug loading. IRN stock solution was prepared after dissolving the drug powder in normal saline at 85uC with the final drug concentrations of 0.5, 1, 1.25, 2, 2.5, 5 mg/ mL. Then add the polymer paste into above drug solutions. After quickly cooling down to RT, the polymer was dissolved into the drug solution after gentle magnetic stirring for 12 h. Drugs were encapsulated into thermogels due to the temperatureinduced sol-gel transition after the sol was injected into mammal body in vivo or heated to the body temperature in vitro.
Phase diagram of PLGA-PEG-PLGA in water. The sol-gel transition of PLGA-PEG-PLGA aqueous solutions (NS as medium) was observed using the inverting-tube method 58 . Briefly, a series of polymer solutions of various concentrations (5, 7.5, 10, 12.5, 15, 17.5 and 20 wt%) with or without drug loading (IRN, 4 mg/mL) was prepared. Then, 700 mL of each sample was added to a vial, and the vials at each temperature were equilibrated in the water bath for 15 min. The state was defined as a gel if no flow was observed within 30 s after the vials were inverted 180u.
Rheological measurements. The sol-gel transition of the 20 wt% PLGA-PEG-PLGA copolymer solutions were detected using a rheometer (Malvern, Kinexus) equipped with parallel plates (diameter of 60 mm). Cold samples were dropped on the parallel plates with an initial temperature of 15uC. The storage modulus G9 and loss modulus G0 were determined along with the temperature increase to 50uC with a heating rate of 0.5uC/min and an oscillatory frequency v of 10 rad/s. The detection process was controlled within the linear viscoelastic range.
Dynamic light scattering. The sizes of the PLGA-PEG-PLGA copolymer micelles in normal saline were determined using a NanoZS90 (Malvern) light-scattering spectrophotometer. The dispersions were filtered through a 0.45-mm filter before measurement. The samples were equilibrated at each temperature for 15 min. The scattering data were fitted using the GENERAL approach.
Degradation of thermogels in vitro. A half milliliter of the copolymer solution (20 wt%) was pipetted into the test tube. After equilibrating at 37uC for 10 min, 10 mL PBS (pH 7.4) was added. Every 4 days, three of the thermogel samples were taken out and lyophilized. The freeze-dried samples were carefully weighed; the MW and LA/GA ratio were determined by GPC and 1 H NMR. For the other samples, PBS was refreshed to maintain the neutral degradation medium.
Drug release from thermogels. Half milliliters of IRN-loaded polymer solutions were injected into the test tubes. After equilibrating at 37uC for 10 min, 10 mL of the release medium (PBS, pH 7.4) was added. At a predetermined time, 9 mL PBS was taken out and refreshed with the new medium of an equal amount. Then, the old release medium was detected using a UV spectrometer at 370 nm to calculate the drug concentrations according to the pre-calibrated standard curve. The corresponding polymer solution without the drug loaded was used as a control. Each specimen was duplicated 3 times.
Lactone fraction of IRN in thermogels. The lactone fraction of IRN in thermogel was determined by HPLC. Six grams of PLGA-PEG-PLGA copolymer solution (20 wt%) with 1.6 mg/mL IRN loaded was injected into a dialysis with cut-off MW 3500 Da. Then, the solution was transferred into 500 mL 37uC PBS for equilibrating.
At a predetermined time, the pH of the thermogel in dialysis was detected using a pH meter from Aurora Scientific Instruments (Shanghai) Co., Ltd., and some thermogel was taken out for HPLC analysis to detect the lactone fraction. The HPLC was conducted by a 5-mm C 18 reverse phase column (150 mm 3 4.6 mm, SunFire TM ) with a mobile phase of 23% methanol, 70% phosphate buffer (25 mM, pH 6.5) and 7% tetrahydrofuran at a flow rate of 1 mL/min. Each sample was measured in triplicate.
In vivo antitumor efficacy. A model of human SW620 solid colon tumor in nude mice (with immune system destroyed) was used to examine the antitumor efficacy of the sustained release system of IRN. Briefly, 5.0 3 10 6 SW620 colon cancer cells were inoculated in each nude mouse. After the tumor tissue grew, it was removed, cut into small pieces of 1.5 mm 3 and inoculated subcutaneously in the right armpit of the experimental nude mice again. After the tumor tissue grew to approximately 100 mm 3 (denoted as day 0), sample solutions were injected at day 0, day 7, and day 14. All the mice were sacrificed at day 21. Then, the tumors were taken out and weighed. During this period, the tumor sizes and mice body weights were recorded twice a week.
All the animal tests were performed in accordance with the approved guidelines of the ''Principles of Laboratory Animal Care'' (NIH publication #85-23, revised 1985) and were approved by the Institute Animal Care and Use Committee at Shanghai Institute of Materia Medica, Chinese Academy of Sciences.
Blood tests. The hematological toxicity of IRN was evaluated via WBC counting in the S180-tumor-bearing Kunming mice after being IRN medicated. S180 is a murine sarcoma, and a Kunming mouse is a standard experimental animal capable of the normal immune system. Briefly, S180 tumor cells were inoculated in the right armpit of the mice at day 0. At day 1, IRN and IRN/thermogel were injected intravenously and subcutaneously, respectively; the intravenous injection of NS was set as the negative control of myelosuppression. At days 2, 5, and 8, the jugular blood was collected for WBC counting by Adicon Clinical Laboratories, Inc. The numbers of available samples for WBC counting were not all the same for the different groups because blood coagulation sometimes occurred during blood collection. NS: n 5 10; IRN/thermogel (day 2): 10; IRN (day 2): 10; IRN/thermogel (day 5): 6; IRN (day 5): 4; IRN/thermogel (day 8): 9; IRN (day 8): 10.
Statistical analysis. Data are presented as means plus standard deviation. Student t tests were used to make comparison between two groups. The difference was regarded as significant if p , 0.05.
